Abstract Although potassium (K) is a macronutrient few studies have evaluated the response of olive tree to K fertilization. In this work results of two field and two pot K fertilizer experiments are presented. One of the field trials was conducted in a commercial young olive grove. The second was conducted in a plantation purposely established for this study. In the two field and the first pot experiment, the K supply was the single variation factor. The second pot experiment was arranged as a factorial with two K rates, two water regimes and two cultivars ('Arbequina' and 'Cobrançosa'). K supply did not increase olive tree growth or yield. Accumulated olive yield in the first field experiment, for instance, varied from 2.46 and 2.84 kg tree -1 , respectively in K treated and untreated plants. K supply increased the shoot/root ratio (1.6-2.0 from the control to the most fertilized treatment) and the concentration of K in roots (2.9-11.2 g kg -1 ) to a greater extent than in leaves (7.0-11.9 g kg -1 ), suggesting that shoots are a priority sink for K and roots may store the nutrient as a reserve. Plant water status and chlorophyll a fluorescence were not significantly affected by K applications. Plants suffering from water stress yielded less phytomass (40.2-56.4 g pot -1 , respectively in control and well-watered plants) and showed higher K concentrations in leaves (14.2-11.6 g kg -1 ) and lower in roots (4.9-6.8 g kg -1 ) which is probably due to the reduction of K uptake from the dry soil. 'Cobrançosa' appeared to be more tolerant to water stress than 'Arbequina'. These experiments showed a poor response of olive tree to K fertilization. Considering that K is usually applied by farmers every year, it seems that further studies on K fertilization in olive are needed in order to adjust K fertilizer rates to crop needs.
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Keywords Chlorophyll a fluorescence Á Leaf water status Á OJIP test Á Olea europaea Á Soil K status Introduction Potassium plays vital functions in plants, such as enzyme activation, regulation of osmotic fluid pressure with a major impact on cell extension and stomatal aperture, and transport of photoassimilates in plant vessels (Scherer and Mengel 2007; Hawkesford et al. 2012 ). K appears to have a particularly positive effect on crop production under adverse conditions, inducing increased tolerance to biotic and abiotic stresses (Shabala and Pottosin 2014; Zörb et al. 2014) .
In many agricultural situations the soil K availability is naturally low which frequently leads to the requirement for K fertilizer additions to increase crop yields. K response studies showing a positive effect on crop yield and/or production quality are relatively abundant, involving diverse crops and being distributed throughout the world (Pettigrew 2008; Tan et al. 2012; Qiu et al. 2014; Zhao et al. 2014) . The importance of the use of K in agriculture has rarely been questioned. However, Khan et al. (2013) , based on the analysis of the results of 2100 K response trials, concluded that plants rarely respond to K and they found 1400 studies where there was a loss of quality of production due to the application of K.
In olive, K-response studies are not abundant. Jasrotia et al. (1999) reported a marginal increase in olive yield by the application of K in a 1-year trial in mature trees grown on a sandy-loam soil. Centeno and Campo (2011) report the results of a 2-year foliar K application study involving two cultivars, 'Picual' and 'Arbequina', where the plants were rainfed-managed or irrigated, respectively, in the first and the second years. The authors only report an increase in olive yield of cv. 'Arbequina' in the second year in response to the application of K. Erel et al. (2013) , from an experiment carried out in containers with perlite as a substrate (perlite is a practically inert substrate) found that only after a severe and prolonged deficiency of K did the flowering intensity and productivity decrease. Rosati et al. (2015) showed a positive effect on fruit weight and fat content from the application of N and K, which does not allow a separate evaluation of the effect of K. On the other hand, the increase in tissue K concentration by means of soil or foliar K applications is often found (Restrepo-Diaz et al. 2008; MoralesSillero et al. 2009; Saykhul et al. 2014) .
Potassium is also the most exported element in olive, with values of about 4.5 (Fernández-Escobar 2017) to 5.5 (Rodrigues et al. 2012 ) kg per Mg of olives. At harvest, K in the fruits can represent 40% (Rodrigues et al. 2012 ) to 60% (Gregoriou and ElKholy 2010) of the total K in the aerial biomass. Despite the relative lack of experimental data on olive tree response to K applications, the symptoms of deficiency are also well established and have been recorded everywhere (Freeman and Carlson 2005; Gregoriou and El-Kholy 2010; Fernández-Escobar 2017) . Furthermore, K is usually recommended by institutional laboratories (Therios 2009; Gregoriou and El-Kholy 2010) . In Portugal, for instance, the state central laboratory (LQARS 2006) recommends 249, 187 and 124 kg K hm -2 to be applied to olive on planting when K levels in the soil are classified, respectively, as very low, low or medium. For mature olive trees, up to 100 kg K hm -2 year -1 is recommended when the leaf K concentration is within the sufficiency range. However, Bourbia et al. (2013) presented a study in olive conducted on poor soils in Algeria that seems to point in another direction. The determination of K in the bulk soil identified seven fields with a deficiency of K out of a total of sixteen. Applying the same method of K extraction to the rhizosphere soil, only two fields showed evidence of K deficiency. Leaf K analysis also only identified two fields with leaf K concentrations below the sufficiency range. The authors point to the eventual role of the tree in K enrichment of the soil of the rhizosphere and the ability of the olive tree to develop in poor K soils. In addition, the important role of K in photosynthesis via regulation of stomatal conductance and opening and closing of stomata is also demonstrated in the olive tree (Arquero et al. 2006) which may mean that the nutrient has increased importance under drought conditions. This work was motivated both by this unclear picture of the response of the olive tree to K applications and by the limited number of K fertilization studies in the olive tree, given the annual expense on K fertilizers that farmers usually incur. The hypothesis is that the olive tree positively responds to the application of K. The study included field and pot experiments carried out under rainfed (field) or watered (pot) conditions and using different soils and cultivars (pots).
Materials and methods

Study site and field and pot experiments
This study was carried out in Northeast Portugal and comprised four independent experiments: two in the field (Field1, and Field2); and two in pots (Pot1, and Pot2). The region benefits from a Mediterranean climate with some Atlantic influence, with average annual air temperature and precipitation of 12.7°C and 750 mm, respectively. Average monthly air temperature and precipitation during the experimental period are shown in Fig. 1 . Meteorological data reveals a long dry summer period where plants experience drought stress, usually between June and September. Some properties of the soils used in the experiments are presented in Table 1 .
The Field1 was installed in March 2013 in a commercial 3-year-old olive grove of the cultivar 'Cobrançosa' spaced 7 9 6 m and managed in rainfed conditions. The experimental design consisted of two treatments, with (? K) and without (-K) K and three replicates of each one composed of four homogeneous trees. K in the fertilized plots was spread in 4 9 4 m 2 with the trees at the centre of the squares. There was applied 133 g K tree -1 year -1 , in the form of K chloride (50% K). In both -K and ? K treatments a basal fertilization plan with phosphorus (P), nitrogen (N) and boron (B) was also annually applied. P was applied at a rate of 70 g P tree -1 , as calcium superphosphate (4% P). N and B were applied in smaller areas (2 9 2 m 2 , with the tree in the centre of the square), due to their higher mobility in the soil. N was applied at a rate of 48 g tree -1 in the form of ammonium nitrate (34.5% N) and B at the rate of 1.2 g tree -1 as borax (11% B). Weeds were controlled by using a non-selective glyphosate-based herbicide (360 g L -1 of active ingredient, 4 L of herbicide hm -2 ) applied once a year in early April. Field2 consisted of a new plantation of young trees of the cultivar 'Cobrançosa'. Young rooted plants, ca. 0.20-0.30 m high, obtained from semi-hardwood cuttings were planted in May 2014 in rows with plants spaced 1 m in the row and 6 m between rows. In the first year (July-August) the plants were watered biweekly to reduce the risk of death and then in the following years they were kept without irrigation. The experimental design consisted of two fertilizer treatments, with (? K) and without (-K) K and three replicates of 10 trees. In Field2, K in fertilized plots was applied in a rectangle of 10 9 4 m 2 (2 m for each side of the line), at a rate of 332 g (as KCl, 50% K) per experimental unit and year. Annually, a basal fertilization plan with 175 g P, 200 g of N and 6 g B, was applied, the two latter nutrients in a restricted area of 20 m 2 (1 m for each side of the line) per experimental unit. In the year where the young trees were planted, the soil was tilled and in the following years maintained with herbicide as in Field1.
Pot1 consisted of a K response trial with three K rates [0 (K0), 0.66 (K1), and 1.33 (K2) g K pot -1 and year
] organized as a randomized block design with three blocks (three soils with different K status, Pot1S1, Pot1S2, Pot1S3) and six plants (6 pots) per experimental unit. The pots were filled with 3 kg of dry soil (sieved in 2 mm mesh) mixed with 5 g of limestone (88% CaCO 3 , 5% MgCO 3 ) and receiving thereafter young 'Cobrançosa' rooted cuttings, ca. 0.20 m high. K was applied as KCl (50% K). In addition to K, a basal fertilization plan was applied with 0.8 g N (ammonium nitrate, 34.5% N), 0.35 g P (P fertilizer containing 1.7% P), and a mixture of macro and micronutrients from a commercial product containing 10% MgO, 0.3% B, 18.5% SO 3 , 0.3% Cu, 2% Fe, 1% Mn, 0.02% Mo, 1.6% Zn applied at a rate of 0.08 g pot -1 . To reduce the risk of salt injury in plants, the fertilizers were split into 5 applications during the growing season. Pot1 was installed in April 2015 and the pots kept in a greenhouse covered by a double-wall polycarbonate panel. In February 2016, during the resting period, the plants were cut to 0.12-0.15 m high leaving only some leaves and buds to facilitate plant regrowth in the next season. In November 2016, another similar cut was performed to assess the performance of the trees in the second growing season.
Pot2 was installed in February 2016 in a factorial design with three factors: water regime; K fertilization; and cultivars. The water regimes were: Normal (regular supply of water); and Stressed (during the growing season the plants were subjected to two 15-day periods without irrigation beginning on 29 June and 19 August). The fertilization rates were 0 (-K) and 0.66 (? K) g K pot -1 . All details on fertilizers applied, including those regarding the other nutrients, were similar to Pot1. The cvs. used in this study were 'Cobrançosa', a Portuguese cv. usually grown in rainfed conditions, and 'Arbequina', a Spanish cv. better adapted to irrigated fields. The experiment included 6 replications (6 pots) per treatment. At the planting time the 'Cobrançosa' plants were * 0.20 m high. 'Arbequina' plants showed greater development at planting having been pruned to reduce the difference to 'Cobrançosa' plants. The pots were also kept in the greenhouse. Before the beginning of each imposed water stress period, the plants of both treatments were abundantly watered and allowed to drain freely (the bottom dishes were removed) to ensure saturation and that all plants had an equivalent moisture content.
Data acquisition in the field
In Field1 the trunk diameter was measured periodically at 0.30 m height and the canopy volume estimated by measuring the height of the canopy and the maximum width (NS and EW) and assuming that the canopy at this stage has an ovoid shape. The canopy volume (CV) was estimated using the equation CV = 2/3 p R 2 (L ? S), where R is the median radius of the canopy at its widest point, L is the distance between the widest point and the top of the canopy (2/3 of the canopy height), and S is the distance between the widest point of the canopy and the base of the canopy (1/3 of the total height of the canopy). The pruning wood was also used as an index of the growth of the trees after they had been annually pruned during the resting period. After fresh weighing, a subsample was taken to the laboratory, separated into leaves and stems, and weighed fresh, and after drying in an oven at 70°C. The subsamples were thereafter ground and analyzed for elemental composition. In early winter the olives were hand-picked and weighed separately per tree. Samples of 100 olives were weighed fresh to obtain the unit weight of the fruits. Random subsamples of 20 fruits were separated into pulp and pit and weighed fresh for estimating the pulp/pit ratio. After drying at 70°C, these samples were ground and analyzed for the elemental composition. In the winter resting period, and in July at the endocarp sclerification, leaf samples were taken following the standard procedure for this species (Bryson et al. 2014) , dried and analyzed for the elemental composition. On October 26, 2016, soil samples were collected at three depths, 0-0.05 m, 0.05-0.10 m and 0.10-0.20 m, to try to perceive the gradient in depth of soil K status in an experiment where the soil was kept untilled. The samples were sieved in 2 mm mesh, dried at 40°C and used in the determination of several soil fertility parameters. In Field2, young fully matured leaves were sampled twice a year, dried, ground and analyzed for elemental composition. At the end of the study, on 26 October 2016, four random plants per treatment were cut at ground level and weighed fresh. Subsamples were separated into leaves and stems, weighed fresh, oven dried and weighed dry. These samples were then ground and analyzed for the elemental composition to estimate nutrient removal.
In Pot1, the aerial part of the plants were cut (* 0.10 m high) at the end of the first growing season. This plant material was oven dried, separated into stems and leaves, weighed, ground and analyzed for elemental composition. At the end of the second growing season a soil sample was recovered per pot and the plant was separated into roots, stems and leaves. The root system was recovered using water under slight pressure. Soil samples were taken to the laboratory for determination of the relevant soil fertility properties. Roots, stems and leaves were oven-dried, weighed, ground and analyzed for elemental composition. Pot2 took place over a year and the plants were cut and separated into roots, leaves and stems following the procedures reported for Pot1. A soil sample was also recovered in each pot and analyzed for several soil fertility parameters.
Leaf gas exchange was also measured in Pot1 at midday of a summer cloudless day with and infrared gas analyser (LCpro?, ADC, Hoddesdon, UK), under greenhouse conditions. Net CO 2 assimilation rate (A), stomatal conductance (g s ) and transpiration rate (E) were estimated according to von Caemmerer and Farquhar (1981) . Intrinsic water use efficiency was calculated as the ratio of A/g s . Chlorophyll a fluorescence was measured on the same leaves and environmental conditions, as gas exchange, with a pulse amplitude modulated FMS 2 fluorimeter (Hansatech Instruments, Norfolk, England). Minimum fluorescence (F 0 ) was measured in dark adapted leaves by applying a low intensity light pulse and maximum fluorescence (F m ) was measured after a saturating light pulse (15,000 lmol photons m -2 s -1 ) for 0.7 s. Maximum quantum efficiency of photosystem II (PSII) was calculated as F v /F m = (F m -F 0 )/F m . After exposure for 20 s to actinic light, light-adapted steadystate fluorescence yield (F s ) was averaged over 2.5 s, followed by exposure to saturating light (as above) to establish F m 0 . The effective efficiency of PSII was calculated as UPSII = (F m 0 -F s )/F m 0 . The apparent electron transport rate (ETR) was estimated as ETR = UPSII 9 PPFD 9 0.5 9 0.84, where PPFD is the photosynthetic photon flux density incident on the leaf, 0.5 is the factor that assumes equal distribution of energy between the two photosystems, and the leaf absorbance used was 0.84, a common value for C 3 plants (Björkman and Demmig 1987) .
The OS-30p? hand held modulated chlorophyll fluorometer was used in the field trials and in the Pot2 experiment. The OS-30p? fluorometer is designed to measure chlorophyll a fluorescence and transient fluorescence by using dark adaptation protocols F V / F M , F V /F 0 and advanced OJIP test. F M , F 0 and F V are, respectively, maximum, minimum and variable fluorescence from dark adapted leaves, and
The OJIP test provides origin fluorescence at 20 ls (O), fluorescence at 2 ms (J), fluorescence at 30 ms (I) and maximum fluorescence (P, or F M ). The fluorometer uses a pulse modulated detection system to allow for a variety of tests, with high capability for detecting and measuring plant stress types that affect photosystem II. Measurements were taken from fully expanded young leaves, after a period of dark adaptation longer than 35 min.
Laboratory analyses
After drying and sieving, soil samples from fields and pots, including the original samples whose results were presented in Table 1 , were submitted to analytical determinations: (1) pH (H 2 O, KCl and CaCl 2 ); (2) organic carbon (C) determined by the Walkley-Black method (easily oxidizable C) and by incineration (total organic C); (3) cation exchange capacity (ammonium acetate, pH 7.0). For the determination of extractable P and K, the following methods were used: (4) Egnér-Riehm, consisting of the extraction of P and K with an ammonium lactate solution at pH 3.7 (P AL , K AL ); and (5) Mehlich 3, consisting of the extraction of P and K with a solution of ammonium nitrate, ammonium fluoride, nitric acid, EDTA, and acetic acid, pH 2.2 (P M3 , K M3 ). In the initial samples were also determined (6) the fractions of clay, silt and sand by the Robinson pipette method and soil classified for texture. All the above mentioned analytical methods are fully described in Houba et al. (1997) .
After being dried and ground, the tissue samples (leaves, stems and roots) of all experiments were analyzed for elemental composition. The analyzes of plant tissues were performed by Kjeldahl (N), colorimetry (B and P), and atomic absorption spectrophotometry (K, Ca, Mg, Fe, Mn, Cu, Zn) methods (Walinga et al. 1989) , after tissue samples were digested with nitric acid in a microwave.
An index of sclerophylly (leaf density, D) and two indices of plant water status (relative water content, RWC, and water content at saturation, WCS) were also determined. Two leaves per plant were firstly weighed to determine the fresh weight (FW) and then weighed again after they had been fully hydrated in deionized water for 48 h at 4°C in the dark to determine the turgid weight (TW). Thereafter the leaves were dried in an oven at 70°C and weighed again to determine the dry weight (DW). The three indices were estimated as: D (g kg -1 ) = DW/FW 9 1000; RWC (%) = 100 9 (FW -DW)/(TW -DW); and WCS (g H 2 O g -1 DW) = (TW -DW)/ DW.
Data analysis
The data was submitted to analysis of variance. When significant differences between treatments occurred, the means were separated by the Tukey HSD test (a = 0.05). In Pot2, a factorial experiment, the existence of significant interaction between treatments was evaluated. For the most relevant parameters presented in this work, no significant interaction between water regimes, K fertilization and cultivars were found. In some situations, to improve the understanding of the results and for graphical representation, the means were associated to mean standard deviations.
Results
Field trials
Olive yield in Field1 did not significantly vary with K application in each of the years (Table 2) or as the sum of the 3 years. Other components of the tree crop performance and the concentration of K in fruits separated between pulp and pit also did not vary significantly with the application of K to the soil, as well as the concentration of other nutrients measured in the fruits.
The increase in trunk diameter, canopy volume and pruning wood, being the three parameters used to evaluate the performance of plant growth, did not show significant differences between treatments (Fig. 2) , as had occurred with the components of production.
Potassium nutritional status was evaluated throughout the experimental period by collecting leaves twice a year, during the winter resting period and at pit hardening in July. In general, there were no significant differences between treatments (Fig. 3) . Leaf K levels were always above the lower limit of deficiency (4 g kg -1 ) and often above the lower limit of adequate concentrations (8 g kg -1 ). The concentration of other nutrients in the leaves, and several other relationships tested between K and other nutrients, particularly Ca and Mg, also did not reveal significant differences between treatments (data not shown).
In contrast to all parameters determined in plants, soil K status significantly varied with fertilizer treatments, either determined by the ammonium lactate or ammonium acetate methods (Fig. 4) . The application of K increased extractable K in the soil in comparison to the control plot. The K content in the soil decreased significantly from the shallower (0-0.05 m) to the deeper (0.10-0.20 m) layers.
The most important results recorded in Field2 are summarized in Fig. 5 . The results show some differences from Field1. The application of K to the young plants gave significantly higher tissue K concentrations compared to the control (Fig. 5) at four sampling dates during the experimental period. No significant effects of the application of K on the concentration of other analyzed nutrients were recorded (data not shown). The application of K did not significantly increase the dry matter yield in the aerial part, but increased the K removal in the biomass due to the Within each year and in lines, the same letter associated to the average values means that no significant differences between fertilizer treatments (P \ 0.05) were found 
Pot experiments
The most important results of the effect of K application on plants in Pot1 are summarized in Table 3 and in Fig. 6 . Leaf gas exchange and chlorophyll fluorescence data (Table 3) revealed that net photosynthetic rate, stomatal conductance, transpiration rate, maximum efficiency of photosystem II (PSII) photochemistry, effective photochemical quantum yield of PSII and electron transport rate were not significantly affected by K supply, while intrinsic water use efficiency was higher in K2 plants. In a strictly association with the previous results, the dry matter yield in any of the plant parts, and in the whole plant, did not significantly vary with the K rate (Fig. 6) . However, the estimation of ratios between the aerial plant parts (leaves, stems, shoots) with the roots showed that the aerial parts increased with respect to the root with the increase of applied K. Tissue K concentrations also increased significantly with the increase in K rate. Nevertheless, the K concentration in roots increased proportionally more than in shoots, being very low in the control K0 treatment (3 g kg -1 ) and approaching the levels in leaves in K2 treatment (11 g kg -1 ). The different soils used had a limited effect on the parameters determined in the plants (data not shown). In Pot1 the application of K to the soil significantly increased soil K status when evaluated by three different methods (Table 4 ). There were also found to be significant differences between soils (blocks in this experiment) reflecting the original differences at sampling time between the soils.
In Pot2 the water stress imposed by the experimental design significantly reduced the dry matter yield in all plant parts in comparison to the well-watered plants (Fig. 7) . K addition did not increase dry matter yield, whereas a significant difference was found between cultivars, with 'Arbequina' displaying higher dry matter yields than 'Cobrançosa'.
Tissue K concentrations varied significantly with all factors under study, and in general, in all plant parts (Table 5 ). In the leaves and stems, the concentration of K was significantly higher in the plants under stress, in plants treated with K and in cv. 'Arbequina'. In the roots, this trend was only maintained with the application of K. Unlike the aerial part, in the roots the highest K concentrations were registered in the plants that were not submitted to water stress. Among cultivars, there were no significant differences in K concentrations in the roots, although the mean values were higher in the cv. 'Cobrançosa' in contrast to what had occurred in the aerial part. In the soil, the highest values of extractable K were recorded in the stress-free treatment and in the fertilized pots in comparison to the controls. The cultivar did not significantly affect the availability of K in the soil. Leaf D, usually seen as an index of sclerophylly, greatly increased in water-stressed plants over the periods without irrigation (Fig. 8) . No significant differences were found in D due to K supply and cultivar. Leaf RWC deeply decreased during the water-stress periods in water-stressed plants. The addition of K did not influence the RWC of the leaves. 'Arbequina' leaves showed RWC values lower than those of 'Cobrançosa' but the difference did not increase over the water-stressed periods. Leaf WCS decreased in water-stressed plants during the cycles without irrigation. The effect of K supply was not significant, and 'Arbequina' showed higher leaf WCS than 'Cobrançosa', but the differences between the two cultivars did not increase during the waterstressed periods.
Selected direct measurements and estimated chlorophyll a fluorescence parameters from the reading of 12 July 2015, the one that was performed furthest from the beginning of the corresponding water-stressed period, are shown in Table 6 . The other sampling dates displayed results with a similar trend (data not shown). Water stress had a significant influence on all measured and estimated parameters. Average F 0 values were lower in the plants not subjected to water stress while all the other parameters were found to be lower in water-stressed plants. K supply had no influence on any of the parameters related to chlorophyll a fluorescence and OJIP fluorescence transient. Average F V /F M and F V /F 0 ratios were found significantly higher for the 'Cobrançosa' cultivar in comparison to 'Arbequina', whereas average O and F 0 showed contrary trends.
Discussion
From Field1, no positive response was obtained to the application of K in olive yields and tree crop performance, as well as in leaf K concentrations, although a significant increase in soil K levels was obtained. In Field2 there was no increase in dry matter yield, but leaf K concentrations increased, which also caused an increase in K removal from the aerial biomass. These results seem to support the thesis of Khan et al. (2013) , who stated that it is difficult to obtain, under field conditions, a response to the application of K, and also the results of Erel et al. (2013) , who found a decrease in flowering intensity and productivity in olive only when a severe deficiency was imposed by growing the plants in Previous studies carried out in the region with other crops, in field and in pots, revealed also that is difficult to obtain a positive response in crop growth or yield to the application of K (Arrobas et al. 2017; Afonso et al. 2018) . In these experiments, probably soil K levels and leaf K concentrations were never low enough even in control treatment to significantly affect the performance of the trees. The field and pot trials collectively did not reveal significant variation in the concentration of other nutrients in the tissues following the application of K. Potassium application increased K concentration in leaves, stems and roots with the exception of Field1. In none of the experiments was it possible to observe an increase in dry matter yield due to K application, including the pot experiments. However, the application of K increased the shoot/root ratio. Similar results were reported previously for different macronutrients, including K, mediated by effects on protein synthesis (Andrews et al. 1999) . Pot experiments also showed that the K concentration in the roots was lower than in the shoots for low K levels in the soil, but as the availability of K in the soil increased the concentration of K in the roots increased more than in the shoots, reaching values close to those of the leaves. These results seem to indicate that the shoots are a priority sink for K and that the roots can act as a reservoir when the soil K availability is high. The role of K in photosynthesis, stomatal regulation, protein synthesis and transport of photoassimilates (Scherer and Mengel 2007; Hawkesford et al. 2012; Zörb et al. 2014 ) may justify the higher K concentration in the aboveground plant parts. Meanwhile, the higher intrinsic water use efficiency observed in K2 plants has major importance, as can contribute to increase olive tree tolerance to temporary water shortage.
K showed no significant effect on D, RWC and WCS. K also showed no significant effect on parameters related to leaf gas exchange, chlorophyll a fluorescence and OJIP fluorescence transient. Once again, the results may be justified by the fact that K deficiency in these experiments was not acute enough to affect relevant physiological processes in the plants.
Pot2 revealed that water stress reduced plant dry matter yield. In drought conditions, the reduction of water availability limits the opening of stomata affecting plant growth and biomass accumulation as observed by Bacelar et al. (2007) in three olive cultivars. Under water stress, the concentration of K increased in the shoots (stems and leaves) but was reduced significantly in the roots. Under drought, plants channeled more K to the aerial part given its role in the regulation of the stomatal function and cell water relations (Shabala and Pottosin 2014; Zörb et al. 2014) thereby reducing the K concentration in roots. On the other hand, the reduction of soil moisture restricts the movement of K to the roots by diffusion, and the reduction of plant transpiration decreases the movement of K to the roots by mass flow (Havlin et al. 2014) . Thus, K uptake probably could not compensate the amount of K that was sent to the shoots, thereby reducing the K concentration in the roots. Meanwhile, water stress increased D in order to counteract the (Boughalleb and Hajlaoui 2011; Ghahfarokhi et al. 2015; Zegaoui et al. 2017) . Water stress can increase D since reductions in turgor pressure and cell expansion result in the same dry mass within a smaller leaf area (Peña-Rojas et al. 2005) . The increase in D was an acclimation response to lower water availability, as leaves with high tissue density are better able to survive a severe drought because of a higher resistance to physical damage induced by desiccation (Mediavilla et al. 2001) . Moreover, water stress severely reduced F V / FM and F 0 /F M and all points of the OJIP curves with the exception of origin (O) fluorescence value at 20 ls, whereas increased significantly the minimal fluorescence (F 0 ). Thus, water stress had a marked negative effect on the photochemical reactions of photosynthesis, in agreement with the results obtained in other studies (Boughalleb and Hajlaoui 2011; Gomes et al. 2012; Jedmowski et al. 2013) , what contribute to the reduction of dry matter yield observed in the plants submitted to drought stress. In addition, in nonirrigated pots, soil temperature probably increased which may have contributed to the reduction in RWC and dry matter yield as observed by BenllochGonzález et al. (2016) . 'Arbequina' produced more phytomass than 'Cobrançosa'. Arbequina plants were slightly more vigorous at planting and this may have given them some advantage, although they had been trimmed by pruning. On the other hand, 'Arbequina' is an early maturing cv. (Barranco 2017) compared to 'Cobrançosa', which may help to justify its higher dry matter yield. 'Arbequina' showed K concentrations significantly higher than 'Cobrançosa' in the shoots and tendentially lower in the root. 'Arbequina', being an early maturing cv. with a higher growth rate, may require more K in the shoot, leading to a reduction of the nutrient in the root since the availability of K in the soil is similar. The cultivars showed no differences in D, but 'Arbequina' showed lower RWC and higher WCS values than 'Cobrançosa', an expected result considering that 'Arbequina' is a cultivar less adapted to water stress. Previous studies by Bacelar et al. (2004) showed that 'Arbequina' had lower RWC and higher WCS than 'Cobrançosa', indicating higher water loss of the former. In other studies with different olive tree genotypes, Bacelar et al. (2006 Bacelar et al. ( , 2007 found 'Cobrançosa' a very promising cv. for cultivation in semi-arid areas. 'Arbequina' showed lower values of F V /F M and F V /F 0 than 'Cobrançosa', indicating a greater disadvantage under water stress, as verified also by Bacelar et al. (2004) .
Conclusions
The applied K did not have a significant effect on the performance of the trees, evaluated by the dry matter yield, leaf water status or parameters associated with the chlorophyll a fluorescence, which apparently reduce the importance of K fertilization in these soils. The application of K increased the shoot/root ratio, and proportionally increased the K concentration in the root, indicating that the shoot is a priority sink for K and that K in the root may act as a reserve to the plant when uptake is limited. The water stress reduced dry matter yield and the level of K in the root which might be due to the reduced K uptake and the priority given to the shoot to the K available in the plant. 'Arbequina' showed greater sensitivity to water stress than 'Cobrançosa' but presented higher dry matter yield in well-watered conditions possibly because it is an earlier maturing cultivar.
